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Abstract 
Quasi-2d silver electrodeposits were grown electrochemically at onstant potential from aqueous Ag + ion-containing solutions in the 
presence of a supporting electrolyte, at room temperature, using a three-electrode quasi-2d circular electrochemical cell. Open branching 
and dense radial branching patterns were distinguished on the centimetre scale, and growth mode transitions could be observed during the 
process. Branching patterns exhibited a mass fractal behaviour with a mass fractal di~nension i.creasing from that expected for a 
DLA-like pattern to that of a dense branching pattern as either the cathodic overpotential (r/c) or the Ag + ion concentration in the solution 
(c) was increased. The electrodeposition current increased with time exhibiting different regimes depending on whether an open 
branching or a dense radial branching growth mode prevailed. When the electrodeposition time exceeded a certain critical value, the 
radial growth rate of electrodeposits (v r) approached a v r ot 7/cC relationship. The experimental morphologies and growth kinetics were 
reproduced by Monte Carlo simulations of a growth model in which depositing particles follow a biased random walk. © 1997 Elsevier 
Science S.A. 
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1. Introduction 
The electrochemical formation of a solid phase on a 
solid substrate belongs to a group of common aggregation 
phenomena involving a rather complex mechanism which 
depends on the specific characteristics of the substrate, the 
environment and driving forces operating in the system. 
By adequately changing the experimental conditions differ- 
ent growth modes of the object can be produced [1-3]. 
When new phase formation takes place close to the 
thermodynamic equilibrium, layer by layer [4], three-di- 
mensional (3d) island formation on two dimensional (2d) 
layers [5] and 3d island formation on the bare substrate [6] 
can be produced. These growth modes have been observed 
for a number of metal electrodeposits and, generally, lead 
to the formation of a rather compact phase which can 
usually be described as a euclidean object. Conversely, 
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under growth conditions far from equilibrium, irregular 
aggregates can be formed, depending on the operating 
conditions. The morphology of these deposits can fre- 
quently be described by the fractal geometry [1-3] as 
either self-similar or self-affine fractals. 
In general, the formation of aggregates with self-affine 
fractal surfaces is enhanced when the phase growth kinet- 
ics is dominated by a surface reaction without significant 
surface relaxation [7,8]. On the other hand, self-similar 
fractals are promoted when the growth kinetics is con- 
trolled by transport phenomena. In this case, instabilities 
are favoured leading to the development of branched pat- 
terns. 
Branched aggregate patterns can easily be followed 
tln'ough the formation of metal electrodeposits using quasi- 
2d electrochemical cells involving either a concentric or a 
parallel electrode arrangement [9-15]. This type of experi- 
ment offers the possibility of varying the concentration of 
metal ions, the conductivity of the electrolyte solution, and 
the cell potential to develop different morphologies such as 
needle-like, dense radial branching (DBM) [13], dendritic 
(DM) [11,12] and diffusion limited aggregation (DLA) 
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[10-12,14,15]. DM and DLA patterns are both surface and 
volume fractals, DBM patterns are better described as 
surface fractals, and needle-like patterns are euclidean. 
Therefore, in 2d cells the mass fractal dimension is D M ~ 2 
for DBM patterns, D M = 1.7 for DLA and DM, and 
D M --* 1 for needle-like patterns [12-18]. According to the 
experimental conditions, transitions involving those mor- 
phologies at certain stages of growth have been observed 
[13-18]. These transitions have been studied extensively 
for Cu and Zn ¢lectrodeposition and in the electroforma- 
tion of conducting polymers [19,20]. It has also been 
observed that, on the centimetre scale, aggregates change 
from the DLA-like form at low concentration and applied 
potential to the DBM at mid-applied potential range and to 
DM at high concentration and applied potentials 
[l 1,12,21,22]. The lack of reproducibility of metal growth 
patterns resulting from those runs made at the quasi-2d 
electrochemical cells has been attributed to the high sensi- 
tivity of these processes to impurities [18,23], a matter 
which was pointed out by Brady and Ball early on [24]. 
The influence of hydrodynamic conditions, electrocapiilar- 
it),, recrystallization of the deposit, local dissolution of the 
aggregate [25], and pretreatment of the substrate [26] has 
also been discussed. 
Despite the fact that the influence of concentration and 
applied voltage on the morphology of deposits has been 
adequately described [ 10- ! 2], there are some electrochem- 
ical kinetic aspects of pattern evolution which are still 
under discussion. For instance, one should e;~pect that 
DLA patterns are produced in the presence of a supporting 
electrolyte as in this case the motion of metal cations is 
assumed to be solely governed by diffusion [27]. 
This work describes the growth of quasi-2d Ag elec- 
trodeposits on a Pt cathode from aqueous Ag ÷ ion-contain- 
ing solutions in the presence of a supporting electrolyte 
under potentiostatic control including ohmic drop correc- 
tions. Results on the centimetre scale show a change in the 
growth patterns from a DM or a DLA-like to a DBM 
pattern as either the applied potential or the Ag + ion 
concentration in the solution is increased followed by 
another transition from a DMB to a DM pattern as the size 
of the deposit approaches the size of the cell. It is further 
shown that when the electrodeposition time exceeds a 
certain critical value, the front propagation rate, taken as 
the displacement velocity of the largest branch of the 
deposit, increases almost linearly eithei" with the Ag + ion 
concentration at a constant cathodic overpotential, or with 
the cathodic overpotential at a constant Ag + ion concentra- 
tion. 
The morphology patterns and the main kinetic features 
related to the formation of the Ag branching patterns 
produced in the presence of a supporting electrolyte can be 
qualitatively approached from rather simple Monte Carlo 
simulations based upon a biased random walk for deposit- 
ing particles through a composed attachment probability. 
This statistical approach is consistent with an electrochem- 
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Fig. I. Scheme of the quasi-2d cylindrical electrochemical cell. 
ical process driven by an electrochemical potential gradi- 
ent. 
2. Experimental 
The experimental set-up consisPd of a cylindrical elec- 
trochemical cell made of two p't,'ailel glass plates sepa- 
rated by a 0.02cm height approaching a circular 2d cell 
geometry (Fig. I). An axially placed Pt wire (99.99% 
purity and 0.035 cm radius, R 0) was used as cathode, and a 
Ag ring (0.02 cm thickness and 5.0 cm inner radius) placed 
around the cathode was employed as anode. A Ag wire 
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Fig. 2. (a) Silver anode-to-silver cathode cell resistance (R) vs. the radius 
(R) of the quasi-circular cathode: 0 ,  calculated data; &,  experimental 
data from quasi-circular electrodes; ,x, experimental data from Ag 
branched deposits. (b) Silver anode-to-silver cathode ohmic drop vs. the 
radius of the quasi-circular cathode for v/c = 0.760V. Electrolyte solution: 
aqueous 0.024M Ag2SO 4 +O.01M H2SO 4 +0.5M Na2SO 4. 
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immersed in the same working solution and connected to 
the cell through a capillary tip was used as the reference 
electrode. 
The cell design favoured a homogeneous primary cur- 
rent distribution. The cell was placed in an air table to 
avoid the interference of mechanical vibrations in mass 
transport processes on the solution side, and kept at 298 K. 
Aqueous c M  Ag2SO 4 + 0 . 5 M  Na2SO 4 + 1 0  - 2 M  
H2SO 4 solutions in the range 1 × 10 -3  _< C _< 2.4 × 10 -2 
were employed. Solutions were prepared from Milli-Q* 
water and a.r. chemicals and deaerated, for at least 2 h, by 
bubbling purified N 2 gas before the electrochemical cell 
was filled. 
Ag aggregates were formed at a constant cathodic over- 
potential (v/c) covering the range 0.118 V < r/c < 0.760 V. 
The cathodic overpotentiai was defined as r/c = Ee_-  E, 
where Eeq was the reversible potential of the AglAg+~ c,aq) 
electrode, and E was the applied potential. These mea- 
surements were performed using the supporting elec- 
trolyte-containing solution changing adequately both c and 
rio separately. For the above experimental conditions no 
interference due to the hydrogen evolution reaction could 
be observed. 
Electrochemical runs were made using an LYP M6 
potentiostat, an LYP CD02 digital coulometer, and a 
Hew!ett-Packard X - Y  recorder. 
Cu,"rent transients ( !  vs. t plots) and charge transients 
(Q vs. t plots) were recorded from t = 0, the time at 
which E was switched on, to ce,-lain values of time i, 
which were selected according to the duration of each 
experiment. Simultaneously, photographs of the growing 
object were taken sequentially. 
3. Results 
3.1. Cell design and cathode-to-anode potential drop 
The small thickness cell design required for this work 
implied a significant potential drop between the cathode 
and the anode as well as between the cathode and the 
reference electrode. The accurate evaluation of the poten- 
tial drop was limited by the irregularity of the growing 
deposit which depends on the applied potential, solution 
composition and electrolysis time, as discussed in the 
following sections. 
O ! 
( a )  
! 
1 c m  
(b) (c) 
4.85 ~m 4.15 Um 
I , = I " - - - - . - - - - - 4  
Fig. 3. (a) Initial stages of silver electrodepe~it growth (compact object) and initiation of the irregular profile. The first dot represents the substrate profile. 
(b,c) SEM micrographs showing the triggering of dendrites from the border of compact silver crystallites. 
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To estimate the ohmic drop a dummy cell with Ag disc 
cathodes of different diameters comprised between 0.5 and 
4cm to simulate the average size of electrodeposits was 
used. Besides, the resistance between Ag electrodeposits at 
different stages of growth and the reference electrode tip 
was also determined. For this purpose, an aqueous 0.024 M 
Ag2SO 4 + 0.05M Na2SO 4 + 0.01M H2SO 4 solution was 
employed, its specific conductivity being K =  5.7 × 
10-2 l'l-1 cm-l  at 298 K. For both types of experiments 
the value of R, the cathode-to-anode resistance, decreased 
as R, the radius of the cathode, was increased according to 
Ohm's law for a cylindrical geometry. Results obtained 
with both the dummy and the working cells are shown in 
Fig. 2(a). 
The ohmic drop (IR) was calculated taking values of R 
from Fig. 2(a), and current values from the corresponding 
current transient read for Ag electrodeposits of comparable 
average radius, assuming a similar resistivity for both the 
Ag electrodeposit and the Ag disc cathode. This assump- 
tion is justified by the fact that the in situ experimental 
resistivity of our DBM Ag patterns resulted in 10 fl  cm, a 
figure which is simil~ to that previously reported for Cu 
DMB patterns [22]. Furthermore, resistance measurements 
carried out on mechanically stable arms of Ag branched 
deposits resulted in a resistivity close to 0.2 l l  cm. In all 
cases the IR drop correction was applied to Ag patterns 
with values of R smaller than 2 cm. This means that the 
contribution of the Ag electrodeposit to the electrical 
resistance is much smaller than that of the electrolyte 
solution. This procedure was basically applied to those 
electrodeposits grown concentrically, althc, ugh it could be 
extended to those branching objects growing symmetri- 
cally around the cathode. 
The IR vs. R plot reaches a maximum at a certain value 
of R (Fig. 2(b)) and shows that for the solution composi- 
tions used in this work, the ohmic drop correction makes 
the effective potential acting at the electrochemical inter- 
face considerably different from the cathode reference 
electrode potential, depending on the electrodeposit size. 
3.2. The growth modes of  Ag electrodeposits in a support- 
ing electrolyte-contahzing solution 
The growth of Ag aggregates involves distinguishable 
growth modes which can be observed at different scales 
and stages of the process. The early stages of growth (Fig. 
3(a)) show an initially compact dcposit following the Pt 
cathode geometry and extending up to the radius of the 
growing object, which for the case of Fig. 3(a) is approxi- 
mately twice the radius of the cathode. Afterwards, as can 
already be seen on the scale of Fig. 3(a), the object 
commences to develop an irregular shape. At this stage a 
SEM micrograph of the deposit (Fig. 3(b), (c)) shows that 
it consists of irregular crystallites in which the triggering 
of a filament-like branching takes place, in agreement with 
experiments previously described for the growth of 3d Ag 
electrodeposits [28], The transition from the initially com- 
pact crystallites to the branching growth mode (first growth 
(a) (b) ; cm (c) 
. . . .  
Fig. 4. Photographs showing the evolution of a silver electrodeposit grown at 7/c =0.318V in aqueous 0.024M Ag2SO 4 -F 0.01M H2SO 4 +0.5M 
Na2SO 4. (a) t = 210s; (b) t = 540s; (c) t = 1020s; (d) t = 1620s; (e) t = 3420s; (f) t = 5220s. 
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Fig. 5. Photographs showing the influence of c on the shape of Ag electrodeposits grown at ~/c = 0.660 V, at different charges Q. (a) c = 0.002 M, 
Q = 0.165C; (b) c = O.O05M, Q = 1.381 C, (c) c = O.OI4M, Q = 1.03C; (d) c = 0.024M, Q = 1.43C; (e) detail of the dense radial to open radial 
transition region from (c). Electrolyte solution: aqueous c M Ag2SO 4 + 0.01 M H2SO 4 + 0.5 M Na2SO 4. 
(a) 1 cm (b) (c) 
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Fig. 6. Photographs showing the growth transitions in the Ag ¢lectrodeposits produced at ~7c = U.TOUV. I~lectroJyte soluuun, ttqucvu~ 0.024M 
Ag2SO 4 + 0.01M H2SO 4 + 0.5M Na2SO 4. 
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mode transition) operates at the level of those tiny crystals 
in which branch triggering appears as fine tips emerging 
from borders and comers of crystal terraces. This first 
growth mode transition of Ag electrodeposits deserves 
investigation on the micro- and nanometre scale, as has 
been made for the case of Au electrodeposits on the 
C(0001) basal plane using STM imaging [29]. This transi- 
tion is beyond the experimental possibilities and scope of 
this work. 
Following the first growth mode transition an irregu- 
larly radial Ag electrodeposit is produced, as can be seen 
in Fig. 4(a)-(f), for those runs made for c = 0.024 and 
v/c- 0.318V. Transitions in the growth mode of these 
deposits as described above can always be obse,ved, irre- 
spective of c and 7/c. Accordingly, the kinetics and growth 
mode of Ag electrodeposits were followed as a function of 
c and r/c by measuring the time dependence of the current 
(I),  the charge passed (Q) and the radius (R) which is 
proportional to the radius of gyration of the deposit. 
The fractal dimension (D u) of electrodeposits was also 
determined from the log Q vs. log R plots. However, for 
electrodeposits which exhibit complex patterns with differ- 
ent morphologies, presumably a multifractal approach 
would be more appropriate [30]. Thus, in this work the 
value of D M is taken only as an indication of the transition 
from a dense branched to an open branched growth mode 
as either r/c or c is changed. 
3.3. The influe~ce of si!ver ion concentration on the growth 
mode of Ag electrodeposits 
The influence of c on the growth mode of Ag elec- 
trodeposits pro]uced at "qc = 0.660 V was investigated in 
the range 1 × 10- 3 < c < 2.4 × I 0 -  2. 
3.3.1. Transitions in the growth mode 
Ag deposits resulting from c <  5 × 10 -3  at r/c = 
0.660 V (Fig. 5(a), (b)) appear as anisotropic open patterns 
in which the thickness of the inner compact deposit is 
almost negligible compared to the size of the object. 
Furthermore, the outer open radial branched structure for 
c -  0.002 shows a lower branching density than that for 
c -  0.005. Conversely, for c > 10 -2 an axially symmetric 
deposit is formed (Fig. 5(c)) which exhibits an inner dense 
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Fig. 7. (a) Current transients resulting from silver electrodeposition at 7/c = 0.660 V and different values of c, as indicated in the figure. Transition times 
(t,) are indicated by arrows. (b) Dependence of t t on c. Electrolyte solution: aqueous c M AgzSO 4 + 0.01M H2SO 4 + 0.5 M Na2SO 4. (c) Lag i vs. log t 
plots at ~ = 0 . 6 6 0 V  and different values of c: ( 0 )  0.005, ( A )  0.01, (zx) 0.014, ( v )  0.024. (d) m vs. c plot. Electrolyte solution: aqueous c M  
Ag2SO4 +0,01M H2SO 4 + 0.5M Na2SO 4. 
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Fig. 9. (a) R' vs. t plots for different values of c. (b) LogR' vs. log t 
plot. Electrolyte solution: aqueous cM Ag2SO 4 +0.01M H2SO 4 +0.5M 
Na2SOa. 
branching growth transition, which is denoted as the sec- 
ond growth mode transition, can also be observed. At a 
constant  r/C value, this transition can be produced by 
properly adjusting the value of c. 
A very clear and dramatic view of the transition from a 
1.0 ............ 1 . . . . . .  _L______: . . . . . .  I ....... I _J 
0.5 1.0 1.5 2.0 2.5 
c ,1021M 
Fig. 8. (a) Q vs. t plots resulting from those runs made at r/c = 0.660V 
and different values of  c, as indicated in the figure. (b) Log Q vs. log t 
plots: ( O )  c = 0.002, ( 0 )  c = 0.005, ( & )  c =  0.01, (zx)  c = 0.014, ( ~ )  
c = 0.024. (c) p vs. c plot. Electrolyte solution: aqueous c M Ag2SO 4 + 
0.01M H2SO 4 + 0 . 5 M  Na2SO 4. 
radial region extending up to a certain radius. Afterwards,  
an outer layer  with a low arm denshy  begins to be 
observed. In contrast  to the open branched region, as c is 
still further increased (Fig. 5(d)), the thickness  of  the dense 
branched region decreases. This region consists  of  ~,'ms 
thicker than those found for c < 5 × 10-3.  Those patterns 
shown in Fig. 5(c), (e) reveal that a dense-to-open radial 
[---  . . . . . . . . . . . . . . . .  ! . . . . . . . . . .  7 I j 
I 
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log (R / ram) 
Fi,o. 10. Log Q vs. iogR plots at different values of c: ( O )  c = O002M; 
(O) c = 0.005M; (A) c = 0.010M; (A) c = 0.014M; ( v )  c = 0.024M. 
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Fig. I !. D M vs. c plot. Data resulting from those experiments run at 
~.. = 0.660V. 
dense to an open radial branching can be seen in the 
sequential set of photographs resulting from c = 2.4 × 
10 -2 and r/¢ = 0.760V (Fig. 6(a)-(f)). In any case, the 
second growth mode transition can be observed when R 
just exceeds the critica~ radius R t. The value of R t and the 
range of time in which a specific growth mode prevails 
can be determined from the photographic sequences de- 
scribed above. Furthermore, it appears that the inne,: dense 
portion of electrodeposits remains frozen for t > t t .  
3.3.2. Current transient data under a constant applied 
potential 
Current transients related to growth patterns obtained 
for r/c -- 0.660 V and different c (Fig. 7(a)) exhibit at least 
two regimes for the rate of current increase, depending on 
whether t < t t o r  t > t t respectively, t t being a c-depen- 
dent transition time related to the second growth mode 
transition which can be determined for R = R t. It is worth 
noting that the initial decreasing current transient regime 
which is related to the early stages of growth is not shown 
in Fig. 7(a) as it involves only a few seconds. A detailed 
discussion of the early stages of growth has been reported 
elsewhere [28,29]. 
After the first growth mode transition an almost linear 
current increase can be observed followed by a smoother 
rise in current up to t t. Later, for t > t t an abrupt increase 
in current can be seen. In the range of c covered by this 
work, the value of t t increases as c is diminished (Fig. 
7(b)). Considering these data and the corresponding growth 
patterns, it is p~ssible to derive phenomenological relation- 
ships for the dense and open branching growth regimes 
appearing for t < t t and t > t t respectively. Thus, for t < t t 
current transients fit the proportionality: 
l o f t "  (1) 
the value of m resulting from the log 1 vs. log t plots (Fig. 
7(c)) being in the range 0.6 < m < 1.0 (Fig. 7(d)). 
1 cm 1 crn. (b) I cm 
.......... ................ ( a )  • , , ( c )  
!~ ~nt 
values ol- ~ .  ~aJ ~ =O.II8V,  Q = 2.93C; (b) ~ = 0.218V, Q = 6.30C; (c) r/c = 0.418V, Q =-19.2C; (d) r/c = t~.518V, Q =-16.0C; (e) ~ = 0.618V, 
Q = 0.359 C; (f) ~ = 0.760 V, Q = 9.83 C. 
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Furthermore, in the same range of time, from the Q vs. 
t plots (Fig. 8(a)), the following proportionality between Q 
and t is also established [1-3]: 
Q ot t p (2)  
where the value of p resulting from the log Q vs. log t 
plot (Fig. 8(b)) changes from p = 1.4 for c = l0 -3 M to 
attain the limiting value p----2 for c >_ 5 × l0 -3 (Fig. 
8(c)). 
On the other hand, for growth patterns resulting from 
r/c = 0.660V and a constant value of c, the time-depen- 
dence of R' (Fig. 9(a)) fulfils the proportionality 
R' o t t  x (3) 
where R' = R- -  R o. Accordingly, from the log R' vs. log t 
plots (Fig. 9(b)) the slope results in 0.9 _< x _< I. l, irrespec- 
tive of c. 
The following correlation between Q and R at different 
values of c can also be established [1-3]: 
Q ot R °M (4) 
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Fig. 13. (a) Current transients for Ag electrodeposits ,~t different values of r/c. (i) r/c = 0.118V; (ii) r/C = 0.218V; (iii) r/c = 0.318V; (iv) r L. = 0.418V: (v) 
r/¢ = 0.518V; (vi) ~c = 0.618V; (vii) "qc = 0.760V. (b) Detail of  current transients on a shorter time scale. (e) t t vs. r/~ plot. (d) Log ! vs. log t at different 
values of r/c: ( © )  O. l l8V,  ( O )  0.218V, ( v )  0.318V, ( v )  0.418V, ( 0 )  0.760V. (e) m vs. r/C plot. Electrolyte solution: aqueous 0.024M 
Ag2SO 4 + O.01 M H2SO 4 + 0.5M Na2SO 4. 
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Fig. 14. (a) Q vs. t plots for different values of r/c: (O)  0.118V, (&)  
0.218 V, ( ~r ) 0.318V, ( a ) 0.418 V, (<>) 0.518V; ( 0 )  7/¢ = 0.618 V; ( v ) 
0.760V. (b) LogQ vs. logt  plots, (O)  0.118V, ( 0 )  0.218V, ( v )  
0.318V, (~ )0 .418V,  ( A ) 0 . 5 1 8 V ,  (O)0 .760V.  (c) p vs. r/c plot. 
where D M is the mass fractal dimension of the growing 
object. The value of D M can be determined from the log Q 
vs. logR plot (Fig. 10). The finite value of Q resulting 
from R' ~ 0 agrees with the charge value related to the 
first growth mode transition of the Ag layer, as has been 
reported elsewhere [28,29]. 
Data show that as c is increased from 1 × 10 -3  to  
! X 10 -2, the value of D M increases asymptotically from 
D M = 1.5 to D M --* 2 (Fig. 11). The former value of D M 
is consistent with the formation of an open 2d branching, 
whereas the latter is that expected for a dense branched 
morphology [31]. 
Otherwise, for c > 1 × 10 -2 the second growth mode 
transition at R t is accompanied by a change in D M from 
D M = 2 for R < R t to  D M ~ 1.66 for R > R t. From rela- 
tionships (2)-(4), it follows that x = p / D  M. Thus, as 
x ~ 1, p ~ D M, a fact which is consistent with data 
depicted in Fig. 8(c). 
3.4. The influence of ri, on the growth mode of Ag 
electrodeposits 
The influence of r/C on the growth mode of Ag elec- 
trodeposits, which is reflected in their morphology and the 
characteristics of current transients, was studied by setting 
c = 0.024 M. 
3.4.1. Transitions in tile growth mode 
Ag electrodeposits of a comparable size resulting from 
c = 0.024 and different values of r/¢ (Fig. 12(a)-(f)) show 
that the radial symmetry of the growing object increases 
with r/¢. Although the characteristics of these electro- 
deposits depend considerably on r/c, the two main growth 
regimes referred to in Section 3.3 can also be distinguished 
from the corresponding photographs, except in Fig. 12(a) 
which shows an asymmetric branching approaching a den- 
dritic pattern with a remarkably low branching density. 
Thus, the size of the inner dense branched region increases 
almost linearly with r/c for '1~ > 0.518V, whereas the 
morphology of the outer branched region changes substan- 
tially with rio in the following way. For r/c = 0.218 V, the 
branching density increases, but the arn~ thickness is not 
uniform (Fig. 12(b)), for 'q~ = 0.418 V, there is a more 
evenly distributed branching (Fig. ! 2(c)); for 'qc "- 0.518 V, 
branching with a number of rather large spots with a high 
branching density can be seen (Fig. 12(d)). This descrip- 
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Fig. 15. D M vs. 'qc plot. Data resulting from experimental runs in 
aqueous 0.024M Ag2SO 4 +0 .01M H2SO 4 +0 .5M Na2SO 4 solution. 
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0.618V and r/~ = 0 . 7 6 0 V  (Fig. 12(e), (f)), although in 
both cases a radial symmetry of the growing object is 
attained. Therefore, as r/~ is increased, a more complex 
pattern with several morphologies is accomplished. 
From the preceding analysis it appears that the complex 
patterns of Ag electrodeposits involve several transitions in 
the growth mode which depend on both "0¢ and c. The 
most remarkable growth mode transition seen on the cen- 
timetre scale is the dense to radial open branching transi- 
tion. Depending on the experimental conditions, this transi- 
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Fig. 16. (a) R' vs. t plots. (O)  r/~=0.118V; ( A )  r/¢ =0.218V; ( v )  
r/c =0.318V; ( A )  r/c =0.418V; (O) ~% =0.518V; ( 0 )  r/~ -- 0.618 V; 
( v )  */c = 0.760V. (b) LogR' vs. log t plots: (C ~) 0.1 lgV, ( 0 )  0.218V, 
( v )  0.318V, ( v )  0.418V, ( A )  0.518V, ( 0 )  0.760V. (c) x vs. r/~ plot. 
tion is followed by a less remarkable open to dense radial 
branching transition as the size of the deposit approaches 
that of the embedding space. This third growth mode 
transition is presumably associated with the Hecker transi- 
tion [32,33] and, in principle, it can be related to the 
potential and current distribution at cells with a radial 
design as the one used in this work. It was also suggested 
that this transitioa is related to a fror~t of hydrogen ions 
migrating in from the anode [33,34]. 
3.4.2. Current transients under a constant potential 
Cathodic current transients for c = 0.024 run at r/c > 
0.218 V (Fig. 13(a), (b)) exhibit a continuous and slow 
current increase, whereas those recorded at "r/c = 0.318 V 
show first a small current step extending from t ~ 0 to 
t -- 300 s followed by a continuous current increase. Other- 
wise, for those runs made in the range 0 . 5 i 8 V  < r/c < 
0.760 V, a second break in the current transient at longer 
times can be seen. The time at which this second break 
appears is related to the change in the growth mode of the 
electrodeposit already described in Sections 3.2 and 3.3.1. 
The transition from the dense to open radial branching 
pattern is characterized by the transition time t t already 
referred to that increases with r/c (Fig. 13(c)). 
For t < t t, current transients recorded in the range 
0.118 V < r/~ < 0.760 V plotted as log I vs. log t (Fig. 
13(d)) also fit the proportionality [1], the corresponding 
values of m being in the range 0.3 < m < 1.3, depending 
on r/c (Fig. 13(e)). 
O~ the other hand, the Q vs. t plots (Fig. 14(a)) fit 
• t[ 
h ~ a r  log Q vs. log t plots according to expression (2) 
(Fig. 14(b)), with values of p covering p ---> i.5 for r/C ~ 0 
to p ~ 2 for r/c ~ 0.760 V (Fig. 14(c)). 
Furthermore, the value of D M derived from the linear 
log Q vs. Iog R plots, as predicted by expression (4), 
increases from D M = 1.6 to D M --* 2 for r/~ > 0.318V 
(Fig. 15). It is interesting to note that for the growth 
pattern resulting from 'r/c = 0.760V~ the second growth 
mode transition is accompanied by a decrease in the value 
of D M from Dr~ 1 -- 2 to D M = 1.67, as seen by the single 
point included in Fig. 15. Otherwise, the R' vs. t plots 
(Fig. 16(a)) fit R' at t ~ relationships (Fig. 16(b)) with 
values of x increasing linearly with r/¢ (Fig. 16(c)). 
It should lye noted that changes in the pattern morphol- 
ogy with T/~ already described in Section 3.4. I are accom- 
panied by changes in the values of D M, m, p, and x. 
4. Discuss ion 
4. I. Growth kinetics far  from equilibrium 
Experimental data cover two different aspects of Ag 
patterns, namely current and charge data which correspond 
to average information about the global growth process, 
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and radial growth data derived from photographs which 
provide very local information. Taking into account the 
scale of our experiments and depending on the operating 
conditions, both global and local data are related to growth 
modes characterized by either a branched or a dense radial 
branching followed by either asymmetric or symmetric 
more or less uniform open branched deposits. Growth 
patterns reported in this work also show a morphology 
transition on the centimetre scale between a dense and 
open radial branching which is reflected in both the den- 
sity of the aggregates and their symmetry. 
Dense radial branching corresponds to symmetric, al- 
most constant density deposits in ~hich tip splitting domi- 
nates the interfacial growth. Tip splitting with an apparent 
density diminishing during growth can also be observed in 
general in DLA-like patterns. When dense radial aggre- 
gates are formed, branches are sufficiently close to one 
another so that the concentration of the depositing ion in 
the solution varies practically with the radial direction 
only. in this case, the aggregate in which tip splitting is 
produced generates a quasi-homogeneous disc with a resis- 
tivity in the order of I 0 ~ cm (see Section 3. I ). 
Conversely, tbr dendritic patterr~s an anisotropy, pre- 
sumably produced either by surface tension or growth 
kinetics leading to a stable tip behaviour, is observed. The 
formation of these patterns depends on the experimental 
conditions including the composition of the electrolyte 
solution [13,35]. Starting from different growth models, it 
has been concluded that anisotropy is required to stabilize 
the growing tip against splitting [36-38]. 
4.2. A first approach to the growth mechanism 
Pattern formation resulting from thin layer metal elec- 
trodeposition from aqueous solution involves a convective 
mass transport arising from density gradients that are 
perpendicular to the gravity field producing a vertical 
hydrodynamic flow, and an electroconvective t=ansport 
generated by the electric field at tips causing a horizontal 
hydrodynamic flow [39]. Due to these contributions a 
model exclusively based on diffusion as the DLA model 
cannot describe a number of experimental facts such as 
certain dense and comb-like patterns, transitions in the 
global morphology of a growing deposit, and other cooper- 
ative effects even at the lowest concentration and lowest 
applied potential compatible with the faradaic process 
[35,39,40]. However, despite these drawbacks, it has been 
proposed that the DLA model should capture the essential 
features of open branching patterns in a number of metal 
electrodeposition processes, including Ag, at least under a 
certain range of operating conditions [1-3,41-43]. 
According to large scale computer simulations for the 
growth of a branched deposit under the DLA model both 
in the 2d and 3d space, the interface motion is determined 
by random diffusion of depositing particles. This mecha- 
nism predicts different parametric relationships among R, 
Q, I and t, depending on whether the radius of the 
growing object R is smaller or larger than the diffusion 
length ! d for depositing particles. Thus, for R ( t ) <  ld, it 
follows that D M = 1.7 for the 2d space, i.e. the object 
exhibits a fractal mass and obeys the equations 
R = k i t  °'6 
Q =  k2t 




Conversely, for R ( t )>  ! d, D M = 2, i.e. a dense branched 
morphology is produced, and the growth kinetics are domi- 
nated by a surface reaction [31]. Then, the following 
relationships are fulfilled: 
R = kmt (6a) 
Q = k2t ~" (6b) 
I =  k.~t (6c) 
Results of this work described in Sections 3.3 and 3.4 
indicate that for Ag electrodeposition in the presence of a 
supporting electrolyte, the above mentioned limiting situa- 
tions can only be roughly approached by adjusting either 
~/~ or c. Otherwise, by conditioning one of these variables 
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it is possible to observe a change in the deposit morphol- 
ogy from a DLA-like to a DBM pattern. DBM patterns 
have been characterized as a fractal surface only at a short 
length and this has resulted in a smooth envelope for the 
whole structure [44]. 
Patterns from Ag electrodeposits which correspond to 
DBM patterns fulfil the set of equations predicted by the 
DLA model only under the limiting condition that the 
radius of the electrodeposit is greater than the diffusion 
length of depositing particles. In this case, in agreement 
with the model, the electrodeposit is characterized by a 
rather symmetric shape, tip splitting resulting from local 
instabilities inherent to the diffusion field built around it. 
Then, an electrodeposit builds up with only a fractal 
surface and a constant average density. 
On the other hand, the DLA model fails to explain the 
kinetic behaviour of these open branching patterns. In this 
case, despite the fact that the value of D M falls within the 
range 1.5 < D M < 1.7, as expected from either a DLA or a 
dendritic pattern, the actual exponents are m = 0.6, p --- !.4 
and x = 0 . 9  instead of m = 0 ,  p - -  1 and x = 0 . 6 6  ex- 
pected for Eqs. (5a), (5b) and (5c). Thence, the parameters 
derived from experimental data represent an intermediate 
situation between those two limiting situations described 
by Eqs. (5a), (Sb) and (5c) and Eqs. (6a), (6b) and (6c) 
respectively [1-3,41,42]. This fact suggests that the forma- 
tion of asymmetric, irregularly shaped deposits involves 
more complex kinetics in which there is presumably a 
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Fig. 19. DM vs. (t'r)li m plot. 
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Table I 
Data related to DBM patterns 
c /M t /s  ~ c / V  (r lc- l /C-)/V 10~ / /A  fR 103 j / A c m -  " 
0.024 600 0.618 0.147 5.5 "- 1 !.6 
0.024 600 0.760 0.385 4.3 -'- ! 1.3 
0.014 600 0.660 0.526 I. ! "-- I 0.6 
0.010 600 0.660 0.613 0.3 ~ i 0.3 
0.010 2000 0.660 0.593 1.1 ~ 6 0  0.39 
0.014 2000 0.660 0.541 2.0 ~ 6 0  0.57 
0.010 2500 0.660 0.587 i.35 ~ 6 0  0.38 
0.014 2500 0.660 0.567 2.3 ~ 6 0  0.50 
solution, and surface reactions. Accordingly, a non-uni- 
tbrm potential distribution, and a non-uniform diffusion 
layer thickness should be involved in the process, making 
the greatest displacements from equilibrium conditions 
prevail at those domains of the surface where the electro- 
chemical reaction takes place at the highest rate. Then, the 
system adopts the fastest growing morphology [36,45,46]. 
Theretbre, this type of contribution should also be consid- 
ered in the complex processes involved in the electrofor- 
m ",m of distinct growth patterns in metal electrodeposi- 
tic, n as well as in the transitions between different growth 
modes. 
Finally, it should be borne in mind that from previous 
results obtained for 3d silver electrodeposit formation, a 
transition in the growth morphology has been observed 
due to the interference of convective mass transport [47]. 
Recently, this type of contribution has received consider- 
able attention and deserves fitrther discussion in terms of 
the complexity of rate processes and the development of 
different growth modes in the electrochemical formation ~,~f 
new phases [40]. 
4.3. Kinetics of sih,er ion electrodeposition and growth 
modes 
Non-uniform surface kinetics imply that different growth 
modes for Ag electrodeposition can be expected at differ- 
ent stages of growth and the relative contribution of each 
growth mode, which is reflected in the value of D M, 
should depend on both ~ and c. it should be noted that in 
order to explain a DM pattern at a low r/~ it is only 
necessary to introduce anisotropy into the growth process 
[29,48]. 
4.3. i. The radial growth rate 
The dependence of v r, the largest front propagation 
velocity which is determined by the fastest growing arm, 
on both r~ and c becomes particularly relevant to learning 
about the kinetics and growth modes of Ag electrodeposits 
in the presence of a supporting electrolyte. 
Fig ~tic 
conditions: (a) 10% diffusion, 100% sticking probability; (b) 30% diffu- 
sion, 100% sticking probability, (c) 100% diffusion. 100% sticking 
probability; (d) 0% diffusion, 100% sticking probability; (e) 100% diffu- 
sion, 10% sticking probability: (O 100% diffusion, 50~ sticking probabil- 
ity; (g) 100% diffusion, 70% sticking probability. 
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Fig. 20 (continued). 
Considering the definition of tJ,~ and the dependence of 
R' on t, the rate of the local process results in 
dR' 
t,~= dt  axt {~- I~ kt{.~ i~ (7) 
where the values of a and x depend ,,;, L:oth ~/c and c. 
These dependences can be expressed as a single r/c- and 
c-dependent term, k = k(r/¢,c). Values of t'r calculated 
from Eq. (7) are plotted as t,~ vs. t at constant c (Fig. 
17(a)) and t,~ vs. t at constant r/c (Fig. 17(b)). These plots 
show that for either constant r/¢ or c, a limiting value of 
t,~, (t,~)um, is attained as t is increased. From these plots 
for t > 103 s, (L'r)!i m increases linearly with either tic or c 
(Fig. 18(a), (b)). A similar result is obtained at a constant 
R (Fig. 18(c), (d)). These plots also compare the depend- 
ences of (Vr)Um on both ~/c and r/c after ohmic drop 
correction, for different radii of the deposit. Obviously, the 
ohmic drop correction has a remarkable effect, although it 
does not change, at least within experimental error, the 
type of functionality. In addition, these plots show that 
there is a threshold potential r/0 which is associated with 
the triggering of branching growth. For our system it 
results in 7/0 = 0.10 + 0.03 V. Therefore, for t > 2 × 103 s, 
the growth of the largest arms can be described by the 
simple equation 
~,~ = k ( t ) c ( , T c  - ,70) ( 8 )  
By adjusting values of t,.~o ~c and c the value of k( t )  can 
be obtained. For t > 2 × 10 3 S, the value k( t )  = 0.20 + 
0.03 cm s-i  M- i  V-  m is obtained. The value of (v,)um of 
those runs in which 7/c and c were simultaneously changed 
can also be estimated. 
For t >  2 × 10 3 S, the value of r/~ alter ohmic drop 
correction plays a main role in driving tip growth. A 
similar conclusion based on the applied potential has been 
previously reported for Cu electrodeposition in a 2d-elec- 
trochemical cell in the presence of a supporting electrolyte 
[17,46]. 
The preceding analysis supports the idea that there is a 
substantial contribution of both an electric and a diffu- 
sional field around the growing tip which produces a 
biased random walk of diffusing ions on the solution side. 
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This effect maximizes on the solution side adjacent to the 
metal electrode where the electroneutrality condition in the 
system is no longer maintained. Hence, from the stand- 
point of electrochemical kinetics, the linear t,~ vs. r/~ plot 
indicates that in this case the supporting electrolyte does 
not suppress the influence of the electric field on Ag 
growing tips. This conclusion applie.~ to either DLA, DM 
or DBM Ag electrodeposit morphologies. 
On the other hand, the (v~)ti m vs. D M plot (Fig. 19) 
clearly indicates that small changes in t,~ are related to a 
sharp change from the open branching patterns (D M = 1.5) 
to the dense radial morphology (DM -- 2i 
It should be remembered that cc, mputer simulations for 
the DLA model show transitions fror.~ those pattertts with 
D M = 1.67 to thin ribbon-like patterns with Dr~t = 1.0 
which can be produced when the front propagation veloc- 
ity follows a power dependence on the applied electric 
field, i.e. the so-called ,/-model [49,50]. 
4.3.2. Dense branching morphologies 
For the DBM the dependence of j, the current density 
referred to the area of the expanding front, on 'q~ and c 
gives information about the growth of the overall object. 
The value of j was obtained from the ratio l / S ,  where ! 
is the instantaneot~s current and S, the electrode area, is 
S = 27rhRfR, where h is the thickness of the quasi-2d 
cell, and fR is a roughness factor which was estimated 
from the Pb and Cd underpotential deposition voltammo- 
grams for 3d dendritic Ag deposits already reported [28]. 
Data assembled in Table ! show that j increases linearly 
with ~. and becomes practically independent of 7/~ after 
ohmic drop correction as should be expected for a process 
which is under mass transport rate control. These ,;esults 
are then consistent with DBM patterns resulting from is by 
theoretical models [ 1-3]. 
Finally, under certain circumstances the system changes 
from an open fractal structure to a DBM when the aggre- 
gate exceeds a cenai.,1 size. This transition, which resem- 
bles the Hecker effect [3233], has been related to the 
distance between filaments of the aggregate and the 
branching mechanism itself [27]. A spatio-temporal mor- 
phological transition of this type has been observed for Zn 
electrodeposition using a thin gap electrochemical cell 
[40]. 
4.4. Monte Carlo simulations 
Monte Carlo simulations have become a very conve- 
nient tool to provide a physical picture of growth processes 
[!-3,7]. By an adequate choice of an applied potential-de- 
pendent sticking probability and concentration, different 
growth patterns have been obtained [31]. 
Our experimental results show that both the applied 
potential and the concentration dependence of growth pat- 
terns are qualitatively reflected in the values of p, x and 
D M. This situation encouraged us to derive the values of 
these parameters from Monte Carlo simulation growth 
patterns. 
For this purpose, the influence of the diffusion and 
electric field on metal electrodeposition was studied 
through 2d Monte Carlo simulations based on the classical 
aggregation model of Witten and Sander [41] with the 
addition of a biased random walk contribution [51]. In this 
way we attempted an estimation of the influence of the 
biased walk on x, p and D M. The simulation was carried 
out on a square lattice 640 × 480 points which has an 
initial seed at the centre. Briefly, particles are released one 
by one at a constant distance larger than the maximui,:~ 
radius of the deposit and are permitted to follow a random 
walk. When a panicle sticks at any point of the interface, it 
becomes irreversibly a part of the aggregate. Otherwise, 
when the position of the particle exceeds a certain preset 
maximum distance, the particle is cleated out and another 
one is released at random. The length scale of the random 
walk is alw~ys much larger than the size of the growing 
object. 
Thc influence of the electric field was simulated by a 
biased random walk introducing the parameter P,. When 
the radial direction is the only permitt,'d displacement 
(P, = I; 0% diffusion) the panicle is allowed to move only 
if its new position is closer to the growing interface. In this 
case a dense deposit' is formed with D M = 1.95. Con- 
versely, in the absence of an external electric field growth 
operates under 100% diflusion ( Pn = 0 ) .  Under this condi- 
tion a typical DLA-like deposit is obtained with a fractai 
dimension D M = i.7. 
The snapshots resulting from aggregates grown for 
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100% diffusion and 0% diffusion resemble closely those 
found for low r b and high r/~ values respectively, before 
the transition to the open pattern (Fig. 20). This means that 
on average the contribution of diffusion decreases as r/~ is 
increased. The x, p, D M and p/D M vs. percentage 
diffusion plots follow the same trend observed for the 
experimental x, p, D M and P/Dr~ vs. r h plots (Fig. 21). 
The decrease in the random walk relative contribution 
results in the progressive increase in x, p and D M ap- 
proaching the values experimentally found for high r h. 
This agreement suggests that the morphology of the object 
is to a large extent determined by the combined effect of a 
random and biased walk acting on the depositing particles 
[27] even in the presence of a supporting electrolyte. This 
is not surprising as in electrochemical reactions the driving 
force always involves the electrochemical potential gradi- 
ent built up on the solution side, particularly in those 
regions where the electroneutrality condition is no longer 
obeyed. 
5. Conclusions 
Growing patterns resulting from silver electrodeposi- 
tion, under a constant applied potential in a quasi-2d 
electrochemical cell in the presence of a supporting elec- 
trolyte, depend on the concentration of silver ions in the 
solution and on the applied electric potential. 
On the centimetre scale, two main types of growing 
patterns can be distinguished corresponding to a dense 
branching and an open branching morphology, the latter 
also including dendritic patterns. 
The development of DBM is favoured as either the 
silver ion concentration or the applied negative potential is 
increased. However, a transition from DBM to open 
branching can also be observed. This transition operates 
after the deposit has reached a critical size which depends 
on the applied potential and silver ion concentration. 
-"he DBM is related to an almost spherically symmetric 
electrodeposit which is characterized by tip splitting and a 
fractal surface. Conversely, open branching morphologies 
are asymmetric and exhibit mass and surface fractality. 
These morphologies show a steady growth of stable tips. 
The behaviour of DBM fulfils the predictions of the 
DLA model only in the limiting case in which the radius 
of the deposit exceeds the diffusion length of depositing 
particles. Otherwise, the behaviour of open branching mor- 
phologies does not follow the predictions of the DLA 
model currently used for new phase growth models far 
from equilibrium. 
The fact that the silver elcctrodeposition reaction rate 
involves the electrochemical potential gradient as driving 
force even in the presence of a supporting electrolyte can 
explain why models proposed on the basis of a single 
potential field and particle motion type are limited in 
accounting for the experimental data. 
A Monte Carlo simulation provides a way to understand 
the complexity of the problem by using a composed 
probability of particle attachment in a growth process such 
as that involved in this work. 
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